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As the limitations of antiretroviral drug therapy, such as toxicity and resistance, become evident, interest in
alternative therapeutic approaches for human immunodeficiency virus (HIV) infection is growing. We devel-
oped the first gene therapeutic strategy targeting entry of a broad range of HIV type 1 (HIV-1) variants.
Infection was inhibited at the level of membrane fusion by retroviral expression of a membrane-anchored
peptide derived from the second heptad repeat of the HIV-1 gp41 transmembrane glycoprotein. To achieve
maximal expression and antiviral activity, the peptide itself, the scaffold for presentation of the peptide on the
cell surface, and the retroviral vector backbone were optimized. This optimized construct effectively inhibited
virus replication in cell lines and primary blood lymphocytes. The membrane-anchored C-peptide was also
shown to bind to free gp41 N peptides, suggesting that membrane-anchored antiviral C peptides have a mode
of action similar to that of free gp41 C peptides. Preclinical toxicity and efficacy studies of this antiviral vector
have been completed, and clinical trials are in preparation.

One priority in AIDS research is to develop novel, effec-
tive, and less-toxic therapies. Although gene therapy is an
interesting option, initial clinical trials have been disap-
pointing (15, 28). One major problem for gene therapy of
human immunodeficiency virus (HIV) infection has been
that in the patient only a minor fraction of the �1011 target
cells for HIV can be protected by an antiviral gene. Overall
reduction of viral load and therapeutic success therefore
depend critically on in vivo selection of the gene-protected
cells. We argue that in this situation genes that block HIV
prior to integration of the provirus have an advantage over
late inhibitory genes that suppress production of viral RNA
and protein (transdominant Rev and Tat, RRE decoys).
Although early inhibitory genes are expected to lead to an
accumulation of noninfected gene-protected cells, late in-
hibitors allow the provirus to integrate and are thus ex-
pected to mediate selection of cells containing a suppressed
HIV provirus. This accumulation of HIV-infected cells
counteracts the antiviral activity of the therapeutic gene.
Mathematical models predict that late-acting antiviral genes
only lead to an overall reduction of viral load if they have a
very high inhibitory activity (D. Von Laer, S. Hasselmann,
and K. Hasselmann, unpublished data). Surprisingly, very
few early inhibitors for gene therapy of HIV-1 infection are
available. These either have a low antiviral activity, such as
the intracellular single-chain variable fragments against re-
verse transcriptase or integrase (17) or only act on R5-tropic

virus by inhibiting CCR5 expression (7, 24). We have there-
fore concentrated on the development of an effective and
broadly active early inhibitory gene.

The C peptides (C36 � DP-178 � T-20 and C34), which are
derived from the C-terminal heptad repeat of the HIV-1 trans-
membrane glycoprotein gp41, inhibit HIV type 1 (HIV-1) en-
try at the level of membrane fusion by interacting with the
trimeric coiled coil structure formed by the N-terminal heptad
repeat of gp41 (3, 26, 27). gp41 mediates fusion of the viral and
cellular membranes and binding of C peptides is thought to
lock gp41 in a fusion-incompetent state. One C peptide (T-20
[enfurvirtide]) was shown to be highly effective in clinical trials.
However, the lack of oral bioavailability, the high production
costs, and the rapid emergence of resistant viruses still hinder
broad application (14, 25). To overcome these problems, the
C36 peptide was engineered for expression on the cell mem-
brane, leading to a high local concentration of peptide at the
site of action (12). Surface expression was achieved by fusing
an N-terminal signal peptide and a C-terminal scaffold consist-
ing of a hinge and a membrane anchor to the antiviral peptide
C36. This membrane-anchored peptide was expressed from a
retroviral vector (M87) and had good antiviral activity in cell
lines. Further testing in our laboratory, however, failed to show
reproducible inhibition in primary lymphocytes (unpublished
data). In the present study, we now have developed a retroviral
vector expressing a membrane-anchored antiviral peptide that
was highly effective also in primary cells and had minimal
potential immunogenicity and no detectable toxicity. To our
knowledge, this is the first antiviral gene that effectively inhibits
entry of a broad range of different HIV-1 isolates in cell lines
and primary cells, thus representing an interesting candidate
for clinical applications.
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MATERIALS AND METHODS

Cell lines, primary lymphocyte culture, and virus isolates. PM-1 cells were
kindly provided by Buchacher and coworkers (19), and Phoenix packaging cells
was provided by G. P. Nolan (9). Peripheral blood mononuclear cells (PBMC)
were obtained from healthy donors by separation through a Ficoll gradient
(PAA, Cölbe, Germany) and stimulated with OKT3 (10 ng/ml) and interleukin-2
(100 U/ml) as described previously (16). All virus isolates were grown on PBMC.
Their identity was verified by analysis of coreceptor usage and sequencing of the
env. The virus titers were determined by a p24 focus-forming assay on U87 cells
as described previously (4).

Generation of retroviral vectors. The vectors MP71EGFP and M87-Ineo have
been described previously (12, 23). The vector M87/C46-Ineo was created by an
overlapping PCR: the 5� part of the transgene was amplified with the primers
M87-F1241 (5�CCTACATCGTGACCTGGGAAG-3�) and M87N�1R (5�-ATTG
TTAATTTCTCTGTCCCACTCCATCCAAGATCTGGCACCTCCAAGGG
-3�). The remaining 3� section was amplified with the primers M87N�2F (5�-T
CTTGGATGGAGTGGGACAGAGAAATTAACAA TTACACTAGCTTAA
TACACTCC-3�) and M87-R1911 (5�-GTGCGTCTAAGTTACGGGAAG-3�).
The PCR products were combined and extended to full-length with the primers
SqM87-f2 (5�-TTATCCAGCCCTCACTCCTTC-3�) and M87-R1911. The prod-
uct was then cloned into the retroviral vector M87-Ineo by using BstXI and SalI.

The synthetic gene encoding for the optimized membrane-anchored peptide
was obtained from Geneart (Regensburg, Germany) and amplified by PCR with
the primers M171-F632-BstXI (5�-AATTACCACCGCGGTGGGACTCACTA
TAGGGCGAATTG-3�) and M171-R1116-SalI (5�-AATTAGTCGACGCTGG
AGCTCTCCGGATCAG-3�). The product was introduced into the retroviral
vector M87-Ineo by using BstXI and SalI, generating the vector M87o-Ineo. The
vector was digested with BspEI, blunted, and HindIII digested, and the wPRE
cassette was introduced, substituting it for the IRES-neo cassette. One ATG in
the 5� region of the wPRE was removed by site-directed mutagenesis with the
QuikChange kit (Stratagene, Amsterdam, The Netherlands) and the primers
M176-S-PRE-qcF1910 (5�-CGTCGACCTGCAGGCTAGCAAGCTGGGCTG
CAG-3�) and M176-S-PRE-qcR1910 (5�-CTGCAGCCCAGCTTGCTAGCCTG
CAGGTCGACG-3�). This ATG starts a 166-amino-acid open reading frame.
The DNA fragment with the open reading frame encoding the membrane-
anchored peptide and the wPRE was obtained by AgeI/HindIII digestion and
then inserted into the optimized retroviral vector MP71 (11) to obtain M87o.
The RRE decoy was added by HindIII digestion of M87o and ligated with the
hybridized primers RRE-HindIII-F (5�-AGCTTCACTATGGGCGCAGTGTC
ATTGACGCTGACGGTACAGGCCA-3�) and RRE-HindIII-R (5�-AGCTCT
GGCCTGTACCGTCAGCGTCAATGACACTGCGCCCATAGTGA-3�). The
IRES-neo cassette was obtained from M87-Ineo with HindIII and cloned into the
HindIII site of M87o to generate M87o-Ineo.

Introduction of T-20-resistant mutations in HIV-1HXB2 env. Mutations within
the HIVHXB2 env were introduced by site-directed mutagenesis with the
QuikChange mutagenesis kit (Stratagene) and the primers M104-SIM-F (5�-G
CCAGACAATTATTGTCTAGTATAATGCAGCAGCAGAACAATTTG-
3�) and M104-SIM-R (5�-CAAATTGTTCTGCTGCTGCATTATACTAGAC
AATAATTGTCTGGC-3�) for HxB2resI-Env and M104-DTV-F (5�-GCCAG
ACAATTATTGTCTGATACAGTGCAGCAGCAGAACAATTTG-3�) and
M104-DTV-R (5�-CAAATTGTTCTGCTGCTGCACTGTATCAGACAATA
ATTGTCTGGC-3�) for HxB2resII-Env into the plasmid pSG-HxB2 (10).

Generation of cell lines expressing membrane-anchored peptides. Retroviral
vectors were packaged by transfection of Phoenix packaging cells, and superna-
tants were used for transduction at low multiplicities of infection (MOIs) to omit
multiple vector integrations. PBMC were transduced on days 3, 4, and 5 of
culture as described elsewhere (16). PM-1 cells were transduced once.

PM-1 cells transduced with vectors containing a neomycin resistance gene
(neoR) were selected with G418 for 10 days with 1 mg of G418/ml. PM-1 cells
transduced with M87o or M87oRRE (not containing neoR) were stained with
the human monoclonal antibody 2F5 directed against a motif in the C peptide of
gp41 (kindly provided by H. Katinger) as described previously and sorted on a
fluorescence-activated cell sorter (FACScalibur; BD, Heidelberg, Germany)
(12). Staining with 2F5 was shown to be specific by competition assays with the
free C36 peptide (data not shown).

Inhibition of C36-resistant HIV-1 strains. After G418 selection, PM-1/
MP1neo, PM-1/M87-Ineo, and M87/C46-Ineo were used for single-round infec-
tion with a lentiviral vector expressing enhanced green fluorescent protein
(EGFP) in the position of nef. This vector was pseudotyped with the HIV Env
proteins HxB2, HxB2resI, or HxB2resII and as a control with the vesicular
stomatitis virus G protein. The lentiviral vector supernatants were produced by
transient transfection of 293T as described previously (10). The titers of the

different lentiviral pseudotyped vectors on PM-1 were 1.5 � 103 for the vesicular
stomatitis virus G pseudotype, 7.4 � 103 for the HxB2 pseudotype, 3 � 102 for
the HxB2mtI and 2 � 102 for the HxB2mtII. The transduction efficacy of the
lentiviral vector in the different cell lines was monitored by flow cytometric
analysis of EGFP expression and given relative to the efficacy in the control cell
line PM-1/MP1neo. The vector supernatants were used at a dilution that gave
between 1 and 10% marking in the control cells, since �10% marking a linear
relation between vector input and GFP positivity was seen (data not shown). A
total of 105 cells per sample were analyzed by fluorescence-activated cell sorting
(FACS) to allow accurate analysis of marking even in the inhibited cultures with
fewer than 1% GFP-positive cells.

Inhibition of different HIV-1 strains by membrane-anchored peptides. The
different PM-1 cell lines and PBMC cultures were infected with HIV-1 strains at
MOIs of 0.01 to 0.0001. HIV p24 antigen was measured in the culture superna-
tants collected at different time points by enzyme-linked immunosorbent assay
(ELISA) (Innogenetics, Heiden, Germany).

Cell-cell fusion assay. Cell-cell fusion was performed essentially as described
previously (20). In brief, ca. 5 � 106 PM-1 target cells were labeled with a 30 �M
concentration of the cytoplasmic marker 7-amino-4-chloromethylcoumarin
(CMAC). As effector cells, the cell line 293T was cotransfected with the plasmid
p202 expressing gp160 of the T-tropic HxB2 strain of HIV-1 and the rev-plasmid
pcRev. A total of 5 � 106 cells/ml of the transfected cells were labeled with 1.3
�M calcein AM. Next, 105 effector cells and 105 fluorescence-labeled target cells
were mixed in HEPES-buffered Dulbecco modified Eagle medium (pH 7.2)
supplemented with 1 mg of bovine serum albumin/ml, followed by incubation for
the indicated periods at 37°C in 8-chamber glass slides. Fusion was measured by
visual microscope examination and counting of cell contacts that produced cell
fusion with mixing of dyes. Per sample, between 100 and 120 cell contacts were
counted. The assay was performed in duplicates.

Binding of N peptides. To investigate the functional expression of C46 on the
surface by M87oRRE, the binding of the following two N-peptides was deter-
mined by flow cytometry: N36, representing the N-terminal heptad region of
gp41, and IZN17, consisting of the 17 aa of the N heptad region and the artificial
24-aa prepeptide IZm fused to the N terminus (5). N-biotinylated N36, IZN17,
and the IZm prepeptide were purchased from Jerini, Berlin, Germany. Circular
dichroism (CD) experiments revealed a molar helicity of 97% for IZN17 and
68% for N36. A total of 2 � 105 PM-1/M87oRRE cells were incubated with 10
�g of N36 or IZN17 in phosphate-buffered saline for 1 h at 37°C. After a single
washing, cells were incubated with phosphate-buffered saline–1.5% formalde-
hyde for 10 min at 4°C, followed by an additional washing step. Steptavidin-
phycoerythrin (Dianova, Hamburg, Germany) was used for detection. The IZm
prepeptide was used as a control to exclude that binding of IZN17 to C46 was not
exerted by the prepeptide alone. Untransduced PM1 cells served as controls.

RESULTS

The antiviral peptide. Two antiviral C peptides, C36 and
C46, both expressed as membrane-anchored peptides, were
compared for antiviral activity. C36 (also known as DP-178 or
T-20) is a 36-aa peptide corresponding to aa 638 to 673 of
HIVHXB2 gp41. The C46 peptide contains 10 additional amino
acids at the N terminus, thus spanning aa 628 to 673 of gp41.
In previous reports, peptides containing these additional 10
N-terminal amino acids (but lacking C-terminal amino acids
present in C36, such as C34 [T-1249]) were shown to effectively
inhibit HIV isolates resistant to C36 (8). The retroviral vector
M87-Ineo expresses membrane-anchored C36 and the neomy-
cin resistance gene. In M87/C46-Ineo the C36 peptide in M87-
Ineo was replaced by the C46 peptide (Fig. 1A and Table 1).
For both peptides, the signal peptide of the low-affinity nerve
growth factor receptor (LNGFR) directed translocation into
the endoplasmic reticulum, and the murine immunoglobulin
G2 (IgG2) hinge fused to the LNGFR membrane-spanning
domain served as a scaffold that anchored the peptide to the
cell surface (Fig. 1 and Table 1).

PM-1 cells were transduced with M87-Ineo, M87/C46-Ineo,
or MP1neo containing the resistance gene only as a control.
Two independent cultures were initiated for each vector. Cells
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were selected and stained for surface expression of C36 or C46
with the human monoclonal antibody 2F5 detecting an epitope
(ELDKWA) present in both peptides (2, 21). The selected
bulk cultures were �95% pure, and the level of C36 and C46
peptide expression did not differ significantly. Single-round
infections of the G418-resistant PM-1 bulk cultures were then
performed with a replication-incompetent lentiviral vector.
The lentiviral vector expressing EGFP as a marker gene was
packaged with the envelope glycoprotein of HIVHXB2 (10). In
addition, two mutations were introduced into the HxB2 env
(gp41) sequence that have been shown to confer resistance to
the C36 peptide. The GIV motif in the N-terminal heptad
repeat was exchanged for SIM and DTV, generating the
HxB2resI and HxB2resII mutants, respectively (22). The len-
tiviral vector pseudotyped with the G protein of the vesicular
stomatitis virus served as a negative control. The results are
shown in Fig. 2A. For the wild-type HxB2env, entry was inhib-
ited in C36- and C46-expressing cells with approximately equal
efficiencies of 13- and 17-fold inhibition, respectively. As ex-
pected, inhibition of the C36-resistant HIV-1HXB2 envelopes
was less efficient in the C36-expressing cells, with a six- and
fourfold inhibition for the HxB2resI and HxB2resII mutants,
respectively. In contrast, entry was inhibited with the same
efficacy for wild-type and mutant env’s in C46-expressing cells.
In conclusion, the C46 peptide was found to have full antiviral

activity against C36-resistant HIV-1 variants and was therefore
selected for further vector development.

Improvement of the scaffold and expression of the mem-
brane-anchored peptide. Five modifications were introduced
into the basic construct M87-Ineo. (i) To reduce potential
immunogenicity, the murine IgG2 hinge was replaced by the
human IgG2 hinge (H). (ii) To improve vector safety, the
membrane-spanning domain (MSD) of LNGFR was ex-
changed for the MSD of human tCD34. Recent reports have
suggested that LNGFR could have contributed to a leukemia
observed after retroviral gene transfer in mice (18). In addi-
tion, tCD34 mediates more stable anchoring in the membrane
than the LNGFR MSD. The amino acid sequence of the op-
timized M87o protein containing C46 and the two exchanged
modules H and MSD is shown in Fig. 1B. (iii) To increase the
expression level, the DNA sequence coding for the M87o pro-
tein was adapted for human codon usage and cloned into an
optimized retroviral vector backbone (13, 23) (Table 1). Ex-
pression and antiviral activity of the optimized vector M87o-
Ineo were compared to the basic construct M87-Ineo in G418
selected bulk cultures by flow cytometry. The optimized con-
struct M87o-Ineo showed an �10-fold-higher expression than
the basic construct M87-Ineo (Fig. 2B).

In addition, inhibition of the replication of the HIV-1 iso-
lates NL4-3 and D117-II was analyzed. Although replication of

FIG. 1. Basic design of retroviral vectors. (A) Retroviral vectors with anti-HIV activity code for a protein that consists of the following modules:
a signal peptide to direct translocation into the endoplasmic reticulum (SP), the antiviral C peptide (C46), a hinge (H), and an MSD. Some vectors
coexpress the neomycin resistance gene via a poliovirus internal ribosome entry site as a marker or express an RRE decoy or a wPRE element
in the 3� UTR. (B) Amino acid sequence of the membrane-anchored antiviral peptide encoded by M87o. LTR, long terminal repeat.

TABLE 1. Design of antiviral vectors derived from M87 and of control vectorsa

Vector LTR Leader SP C peptide H (hinge) MSD Marker gene 3� UTR

MP1-neo MPSV 1 None None None None neoR
MP71-EGFP MPSV 1 None None None None EGFP wPRE
M87-Ineo MPSV 1 dLNGFR C36 Murine IgG2 LNGFR PolioIRES � neoR
M87/C46-Ineo MPSV 1 dLNGFR C46 Murine IgG2 LNGFR PolioIRES � neoR
M87o-Ineo MPSV 71 dLNGFR C46 Human IgG2 CD34 PolioIRES � neoR
M87o MPSV 71 dLNGFR C46 Human IgG2 CD34 None wPRE
M87o-RRE MPSV 71 dLNGFR C46 Human IgG2 CD34 None RRE, wPRE

a The classification of the leaders and the LTRs is described elsewhere (11, 13). dLNGFR, truncated LNGFR; PolioIRES, poliovirus internal ribosome entry site.
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both isolates was not completely inhibited in PM-1 cultures
expressing M87-Ineo, only a low level of virus replication was
detected in cells expressing the optimized vector M87o-Ineo
(Fig. 2C).

(iv) To further reduce immunogenicity, the neo gene was

eliminated from the vector, generating the monocistronic vec-
tor M87o. (v) In addition, a 41-bp sequence derived from the
HIV-1 RRE element was added in the 3�-untranslated region
(UTR) of the vector as a second antiviral principle, generating
the vector M87oRRE. Expression of this RRE sequence was

FIG. 2. Optimizing the antiviral vector. (A) PM-1 cells expressing the control vector or antiviral vector M87-Ineo (�) or M87/C46-Ineo (o)
were transduced with a lentiviral vector expressing EGFP pseudotyped with the indicated viral envelope glycoprotein. In HxB2resI and HxB2resII,
mutations that confer resistance to C36 (T-20) have been introduced. The inhibitory activity (fold inhibition) is represented by the ratio of the
transduction efficiency for PM-1 cells expressing the control vector relative to the cells expressing the antiviral vector. The vector supernatants were
used at a dilution that gave between 1 and 10% marking in the control cells, since in this range a linear relation between vector input and marking
was observed (data not shown). A total of 105 cells per sample were analyzed by FACS to allow accurate analysis of marking even in the inhibited
cultures with fewer than 1% GFP-positive cells. The mean values of two independent selected bulk cultures per vector are given. (B) Wild-type
PM-1 (shaded curve) and PM-1 cells expressing M87-Ineo (black line) or M87o-Ineo (gray line) were stained with the human monoclonal antibody
2F5 that detects an epitope in the antiviral peptides and a phycoerythrin-conjugated goat-anti-human serum followed by flow cytometric analysis.
(C) G418-selected bulk cultures of PM-1 expressing the control vector MP1neo (F) M87-Ineo (�) or M87o-Ineo (Œ) were infected with the
T-tropic isolate HIV-1NL4-3 or the dualtropic primary isolate D117-II at an MOI of 0.01 or 0.0001, respectively. HIV-1 p24 antigen production into
the supernatant was monitored by ELISA. Experiments were performed in triplicate. (D) M87o and M87oRRE have comparable antiviral activity.
PM-1 cells were transduced with M87o, M87oRRE, orMPIN and then sorted for expression of C46 or mock sorted (MP1N) by FACS. Purified
bulk cultures were infected with NL4-3 at an MOI of 0.01. HIV-1 production was quantified as described in the text. The assays were performed
in triplicates. Mean values are shown. Symbols: F, MP1neo; ✳ , M87oRRE; Œ, M87o.
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shown to inhibit HIV replication since it acts as an RNA decoy
(1). Cells were transduced with M87o and M87oRRE. The
level of surface expression of C46 was comparable for both
vectors. C46-positive cells were sorted and challenged with the
HIV strains NL4-3 (X4) and D117-II (X4R5, primary isolate).
Nearly complete inhibition of HIV replication was observed
for both M87o and M87oRRE-transduced cultures. Under
these conditions, no improvement of antiviral potency by ad-
dition of the RRE element was observed (Fig. 2D). Neverthe-
less, the M87oRRE vector was chosen for further preclinical
testing, since the short RRE sequence is not expected to have
adverse effects and may reduce the emergence of resistant
virus.

Antiviral activity of M87oRRE. Treatment of HIV-1 infec-
tion with antiviral genes generally relies on the selective ad-
vantage of the gene-modified cells that are expected to accu-
mulate to therapeutically effective levels over time in the
patient. To test whether the M87oRRE vector can confer such
a selective advantage, a mixture of vector-positive and -nega-
tive cells was challenged with HIV-1NL4-3. PM-1 cells were
transduced with M87oRRE and sorted for expression of C46.
The sorted bulk cultures were 97% positive. These sorted cells
were mixed with wild-type PM-1 to generate a 17% C46-pos-
itive culture. The following cells served as positive and negative
controls: PM-1 sorted for expression of C46 (�95% positive),
wild-type PM-1, and a mixture of wild-type PM-1 with FACS-
purified cells transduced with a vector expressing EGFP (20%
EGFP positive). The results are shown in Fig. 3A. Wild-type
PM-1 and the cells expressing EGFP showed a strong HIV-
induced cytopathic effect (CPE), and all cells were dead by day
12 postinfection. In contrast, PM-1 cells sorted for the expres-
sion of C46 showed no viral CPE, and the 17% C46-positive
culture only showed a transient CPE around day 10 and then
grew normally for the rest of the experiment. Maximum virus
production was seen in the control cultures on day 12. A short
small peak of virus production was observed in the C46-posi-
tive culture on day 16, but no virus production was observed
thereafter. Interestingly, the 17% C46-positive cells produced
an amount of virus approximately equal to that produced by
the control cultures on day 12. Thereafter, however, virus pro-
duction dropped continuously to become undetectable on day
55. Intracellular p24 staining showed no expression of HIV gag
(data not shown), and even coculture with wild-type PM-1 cells
failed to recover virus from these cultures. Flow cytometric
analysis on day 40 showed that C46-positive cells had accumu-
lated from 17 to �95% (Fig. 3B). Uninfected control cells
cultured in parallel remained 17% C46 positive. These data
clearly show that the M87o-RRE vector can confer an effective
selective advantage to gene-modified cells in the presence of
HIV replication.

Inhibition of HIV replication in primary cells. To test the
antiviral activity in primary cells, primary blood lymphocytes
from healthy donors were transduced with M87oRRE and
M87o on days 3, 4, and 5 of culture; sorted for C46 expression
on day 7; and challenged with HIV-1 between days 9 and 11.
Sorted cultures were between 76 and 91% positive. As a con-
trol, mock-transduced cells were used. Several virus isolates
and PBMC from different donors were tested. A representative
experiment for the three HIV-isolates Bru (X4), JR-CSF (R5),
and D117-II (X4R5) is shown. HIV replication was inhibited

by 1 to 2 logs in PBMC expressing M87oRRE. In this experi-
ment, JR-CSF seemed to be more susceptible to M87oRRE.
This was not, however, observed for all donors. As in the cell
lines, no difference was seen in the inhibitory activity of M87o
and M87oRRE in PBMC (data not shown).

Mechanism of action of M87o. The current model is that the
antiviral C peptides derived from the HIV-1 gp41 second hep-
tad repeat interact with the trimeric coiled coil of gp41 formed
by the first (N-terminal) gp41 heptad repeat. gp41 is conse-
quently locked into a fusion-incompetent state, and entry of
HIV-1 into the target cell is inhibited (6). We tested whether
membrane-anchored C46 acts like the free C peptides. Ini-
tially, we tested whether membrane-anchored C46 can bind to
the coiled-coil structure formed by N-peptides derived from
the first heptad repeat of gp41. Two biotinylated N peptides
were used: N36 and IZN17. The latter is a peptide containing
an N-terminal artificial helix sequence (IZm) fused to a 17-aa
sequence derived from the gp41 first heptad repeat (5). IZm
was shown to induce a nearly entire helical structure of the N
peptide. PM-1 cells expressing M87oRRE and control PM-1
were incubated with the biotinylated peptides and then stained
with streptavidin-phycoerythrin. Flow cytometric analysis
showed that the N peptides specifically bound to cells express-
ing C46, whereas a control peptide did not (Fig. 4). This indi-
cates that membrane-anchored C46 can interact with the
coiled-coil domain of gp41.

In addition, the proposed mode of action for C peptides
would predict that infection is blocked at the level of mem-
brane fusion. We therefore tested the fusion of wild-type PM-1
cells, PM-1/M87-Ineo, and PM-1/M87o-Ineo cells with 293T
cells expressing the HIV-1HXB2 envelope. Fusion was inhibited
transiently �2-fold in cells expressing the basic construct and
more sustained at a level of �4-fold in cells expressing the
optimized construct M87o-Ineo (Fig. 5). These data suggest
that membrane-anchored antiviral C peptides have a mode of
action similar to that of the free C peptides.

DISCUSSION

In the present study, the retroviral vector M87oRRE that
expresses a membrane-anchored fusion inhibitory peptide de-
rived from the C-terminal heptad repeat of gp41 was shown to
effectively inhibit HIV-1 entry. To develop this highly active
antiviral vector, all modules of the vector M87-Ineo described
previously had to be individually optimized (12).

M87oRRE had an �10-fold-higher expression level and an-
tiviral activity than the basic construct M87-Ineo. Furthermore,
the optimized vector effectively suppressed virus replication of
different isolates in primary cells, which was not reproducibly
seen for the basic construct. Additional experiments have
shown that the enhanced antiviral potency is mostly due to the
higher level of transgene expression by the optimized construct
(unpublished data).

In addition, M87oRRE has less potential immunogenicity
than the basic construct, since the neoR gene was removed and
the murine IgG2 hinge was humanized. However, immunoge-
nicity of the C46 sequence and the fusion domains between the
four modules of the membrane-anchored peptide (SP, C46, H,
and MSD; Fig. 1) cannot be excluded. It is difficult to predict
whether such an immune reaction would impair the therapeu-

572 EGELHOFER ET AL. J. VIROL.



tic effect of M87oRRE, and this must be tested in future
clinical trials.

As in any antiviral therapy, resistance is a major issue also
for M87oRRE. Three steps were taken to minimize the pos-
sibility that resistant strains might emerge. An RRE element
was added in the 3� UTR of M87o. The RRE sequence can act
as an RRE decoy and thereby inhibit production of HIV-1
genomic RNA. Although the antiviral activity of M87o was not
improved by the addition of the RRE element, this element

was retained in the vector that underwent further preclinical
testing since it is not expected to have toxic side effects and, as
a second antiviral principle, could reduce the chance for the
development of M87o-resistant virus strains in a clinical set-
ting. To verify this hypothesis, current studies aim at testing the
activity of the M87oRRE vector against M87o-resistant virus
strains. However, despite repeated attempts, we have not yet
been able to generate M87o-resistant virus. In addition, the
chance for resistance was reduced by using the elongated C46

FIG. 3. Antiviral activity of M87oRRE. (A) Wild-type PM-1 (�), PM-1 transduced with an EGFP vector and FACS purified for EGFP
expression and then mixed 1 to 5 with wild-type PM-1(Œ), PM-1 transduced with M87oRRE and FACS purified for C46 expression (�), and
FACS-purified M87oRRE mixed with wild-type PM-1 to generate a 17% C46-positive culture (�) were infected with HIV-1NL4-3 at an MOI of
0.001. p24 secretion into the supernatant was monitored by an ELISA. (B) A culture that was initially 17% C46 positive was stained for expression
of C46 on days 1 and 40 with the human monoclonal antibody 2F5. Cells on day 40 were 98% positive for C46. (C) PBMC from healthy donors
were transduced with M87oRRE(Œ) or mock transduced (F), sorted for expression of C46, and infected with the indicated HIV-1 isolates. p24
production was monitored by ELISA.
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peptide that is known to interact with a highly conserved
pocket of gp41. Lastly, the high and stable expression of the
antiviral peptide reduces the chance for resistance, which is
more likely under a suboptimal dose of the antiviral peptide
(25).

Several observations clearly indicate that the mode of action
of membrane-anchored C46 is the same as for the free gp41 C
peptides. C peptides have been shown to interact with gp41
and thereby inhibit membrane fusion during virus entry. Like-
wise, the membrane-anchored peptide was found to block early
steps of virus replication in single-round infection assays (Fig.
2). In addition, membrane fusion mediated by HIV Env was
effectively inhibited. For different antiviral constructs, the level
of fusion inhibition (Fig. 5) was found to correlate with the
level of inhibition of virus replication (Fig. 3). Finally, the
membrane-anchored peptide bound to free N peptides that are
known to form the trimeric coiled-coil structure of gp41 (Fig.
4).

The vector M87oRRE has several qualities that could be

crucial for therapeutic success. The major advantage over pre-
vious antiviral genes is that viral infection is blocked at the
level of virus entry. Thus, infection of the cell is effectively
prevented. Previous genes mostly target viral RNA or protein
synthesis and therefore require suppression of the integrated
provirus for the total life span of the cell. In addition, the
gene-modified cells that carry a suppressed provirus are ex-
pected to accumulate in the patient, which would counteract
the antiviral effect of the gene. Late inhibitors therefore are
expected to require a much stronger and sustained antiviral
activity than early inhibitors to be therapeutically effective. In
addition, the membrane-anchored peptides are located exactly
at their site of action, which is the membrane of the T helper
cells, thus minimizing potential adverse effects at distant and
therapeutically irrelevant locations. Furthermore, the mem-
brane-anchored peptides are encoded by a relatively small
open reading frame, thus allowing for the expression of addi-
tional antiviral genes in the same vector. Finally, gene modi-
fication with M87oRRE can be easily detected by flow cytom-
etry with the antibody 2F5, so that a marker gene is
dispensable.

Extensive preclinical toxicity studies have been completed in
mice and rhesus macaques for M87oRRE without any detect-
able side effects or immunogenicity (unpublished data). This
lack of toxicity and the high antiviral efficacy thus justify fur-
ther development of M87oRRE and in particular the initiation
of clinical trials.
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